Abstract
Introduction
Burr formation accompanies many production processes. It commonly occurs during machining. Problems relating to burr formation, prevention and removal are particularly critical in automated manufacturing. Burrs forming on the workpiece edge directly affect the quality evaluation of the product. Their presence may disturb the proper functioning of the parts, accelerate wear and complicate assembly or even make the latter impossible. Unproductive burr removal operations may amount to as much as 15% of the production costs. In recent years, there has been a growing interest in methods of minimizing burrs. Burr formation is a complicated phenomenon. Many factors determine the size and form of burrs. The key factors include depth of cut, cutting speed, rate of feed, material properties, cutting tool geometry and tool path shape [1] [2] [3] .
The aim of this research was to develop a fundamental model of burr formation during machining. The Abaqus/Explicit software package was used for this purpose. The computations were based on the dynamic displacement analysis. The simulation results were compared with the real burr formation phenomenon schematically presented by Hashimura [4] . The effect of selected cutting parameters on the size and form of burrs was examined.
Burr formation phenomenon
A burr can be defined as an undesirable part of the product, clearly deviating from its surface, formed in the course of the manufacturing process. The burr has a much smaller volume than the product volume. In most cases, during machining a burr forms as a result of the action of the cutting forces preventing chip formation through the deformation of some of the material on the workpiece edge [5] .
The mechanism of the real burr formation phenomenon, developed by Hashimura [4] , is shown in Fig. 1 . In the course of machine cutting the zone of elastic deformations and then the zone of plastic deformations visibly, expand as the distance of the tool from the edge of the material being machined changes. [4] A point of rotation appears below the edge of the workpiece. The material at the edge of the workpiece, particularly around the rotation point, undergoes strong plastic deformation and a crack is initiated. As the crack propagates along the plane of shear, a chip separates from the material and a burr forms on the product's edge.
Fig. 1. Schematic illustrating burr formation

Model of cutting process
The cutting process was modelled using the Abaqus/Explicit package, four-node finite elements CPE4RT and the arbitrary Lagrangian-Eulerian ALE adaptive mesh technique (to keep the ordered character of the finite element mesh). An equal distance between the nodes was maintained during the discretization of the workpiece model. The edges of the workpiece constituted the boundaries of the area to which the ALE adaptive mesh domain technique was applied. Figure 2 shows the workpiece geometry, the tool geometry and the prescribed boundary conditions. The material being machined was fixed using the base edge. The nodes on the edge of the workpiece edge were deprived of the ability to displace along axes X and Y. The left and right sides of the material to be machined were fixed in such a way that the material could deform freely and a burr could form. In the cutting process model, the tool, undergoing deformation, would move along axis X. The nodes on the two edges forming the outline of the cutting tool were deprived the ability to displace along axis Y. The tool rake angle was o = 5° and the tool orthogonal clearance angle was = 5°. The corner radius amounted to 0.04 mm.
In this research, higher-strength steel C45 was assumed as the machined material. The dependence of the machined material's physical properties on temperature was taken into account in numerical modelling. The values of the Poisson ratio, the Young modulus, density, thermal conductivity, thermal expansion and specific heat were given for a temperature range of 20-700 C.
The behaviour of the material in the course of machining was modelled using the JohnsonCook constitutive laws. Two deformation material failure criteria resulting in chip separation from the material were implemented. Conditions, the fulfilment of which results in the loss of load capacity, were defined. Elements satisfying the failure criteria would be removed from the simulation.
The Johnson-Cook constitutive model equation (1) has the form [6] :
where: -reduced flow stress according to Huber-Mises-Hencky for a nonzero strain rate, -reduced plastic strain, -a reduced strain rate, 0 -a reference strain rate equal to 1 s -1 ,
A -the initial yield point at a strain rate of 1 s -1 at transition temperature ( ), B -a modulus of strain hardening, n -a strain-hardening exponent, C -a strain rate coefficient, m -a thermal softening exponent, ˆ -dimensionless temperature.
The dimensionless value of temperature is assumed as follows (2): 
Tab. 1. Model parameters and Johnson-Cook failure criterion [7]
Initial yield point Strain-hardening modulus The first of the implemented material failure models is based on the value of reduced plastic strain value pl f . This dependence (3) can be expressed as follows [8] :
where:
pl -an increment in reduced plastic strain, 
where: d 1 -d 5 -material failure parameters. The other failure criterion, which was presented in [8, 9] , is connected with the nucleation, growth and merging of small voids in the material. The criterion (5) assumes that at the beginning of material failure reduced strain pl D depends on the triaxial stress and the strain rate:
The reduced strain at the instant of failure is calculated from the relation(6):
where: , -triaxial stress for compression and triaxial stress for tension T , -reduced strain at the instant of failure for respectively uniform two-axial tension and compression, T c -a parameter dependent on the state of stress. Failure is initiated once the following criterion (7) is fulfilled:
where: D -a state variable, monotonically increasing with plastic strain. The two strain criteria of material failure and identical values of the maximum plastic elongation were used. Ultimately, the effect of the global Johnson-Cook criterion and the local ductile criterion (responsible for exclusively the material cracking resulting in the formation of a burr) was obtained.
Simulation of machining process
The modelled process was used to simulate machining. Cutting speed v c amounted to 240 m/min. Machining was done for four cut depths: 0.1, 0.25, 0.50 and 0.75 mm. The strongly nonlinear character of the modelled process and the effect of temperature variation (due to the large deformations of the machined material and to the friction between the cutting tool and the material being machined) were taken into account in the simulation. The assumed friction coefficient values on the face were interrelated with normal stress k . Friction coefficient would decrease as normal stress increased [10] . In addition, the maximum shearing stress was determined.
The height of the burr formed in the process of machining was measured according to standard ISO 13715. The burr height was measured perpendicularly to the edge of the workpiece.
Fig. 3. Burr height depending on depth of cut
The burr formation process worked out on the basis of the results obtained using the Abaqus/Explicit software package is shown in Fig. 4 .
A comparison of the schematic proposed by Hashimura [4] (Fig. 1 ) with the simulation results shows that the described mechanism resulting in the formation of a burr on the edge the workpiece being machined occurs in the course of the modelled machining process. In addition, the next stages, which occur in the real burr formation process, are reflected in the modelled process. 
Conclusion
Thanks to the state-of-the art computing techniques real manufacturing processes can be increasingly more accurately simulated. On the basis of the simulations and their analysis it can be concluded that: -the principal aim -a preliminary model of burr formation on the edge of the machined workpiece -has been achieved, -the stages in burr formation, described in the literature, are accurately represented in the simulation of the modelled machining process, -because of the adopted two-dimensional geometry, the modelled process in a rather simplified way reflects the real machining process, -further work on the machining process model, focusing on the way the material undergoes deformation, should result in practical conclusions leading to burr minimization.
